Climatology, American Meteorological Society, Dallas, TX, 1995) . These values were then averaged by month, over the 9-year period. 36 Radiocarbon ( 14 C) content of surface waters inferred from a coral record from the Galápagos Islands increased abruptly during the upwelling season (July through September) after the El Niño event of 1976. Sea-surface temperatures (SSTs) associated with the upwelling season also shifted after 1976. The synchroneity of the shift in both 14 C and SST implies that the vertical thermal structure of the eastern tropical Pacific changed in 1976. This change may be responsible for the increase in frequency and intensity of El Niño events since 1976.
Several studies have noted that the pattern of El Niño-Southern Oscillation (ENSO) variability changed in 1976, with warm (El Niño) events becoming more frequent and more intense (1) . This "1976 Pacific climate shift" has been characterized as a warming in SSTs through much of the eastern tropical Pacific.
A recent study (2) proposed that this shift originated when a subsurface warm water anomaly in the North Pacific penetrated through the subtropics and into the tropics. This model is consistent with an association of the shift in tropical temperatures with changes in North Pacific sea-level pressures (3). However, this interpretation is controversial, and other mechanisms might be responsible. Unfortunately, hydrographic observations have spatial and temporal biases that do not allow for a definitive solution.
To examine changes in the origin of water upwelling in the eastern Pacific during the 1970s, we obtained a record of radiocarbon variability (⌬ 14 C) from a coral from the Galápagos Islands (4). Skeletal carbonate from coral colonies records the ⌬ 14 C of the dissolved inorganic carbon in the surrounding water and can be used as a tracer of ocean circulation (5, 6) . Surface waters are enriched in 14 C relative to deeper water because of the air-sea exchange with 14 C that was produced by the atmospheric testing of nuclear weapons in the 1950s and 1960s. This enrichment difference makes the distribution of 14 C very sensitive to vertical mixing. In the Galápagos Islands, ⌬
14 C values at the surface are affected by the vigor of upwelling and by the origin of upwelling water. Our new ⌬ 14 C time series extends from 1957 through 1982 (ending when the colony died during the 1982-83 El Niño) and has an average resolution of eight samples per year (Fig. 1) .
The The patterns of radiocarbon variations in the time series can be explained in terms of variability in the intensity of upwelling and changes in the source water that feeds the upwelling. The upwelling in the eastern tropical Pacific exposes water from the Equatorial Undercurrent, a subsurface water mass that flows from west to east, approximately bounded by potential density surfaces (isopycnals) of 24 and 26 kg m Ϫ3 (9). This water is derived from subduction of surface water in the subtropics and water entrained from greater depths in the tropical thermocline. The subtropical water brings higher bomb-produced 14 C levels from the sea surface down into the undercurrent. The entrained component mixes colder, low 14 C water into the undercurrent and augments the ⌬ 14 C contrast between the undercurrent and the sea surface (6, 10) . The deeper component with less bomb-produced 14 C is at least as deep as the isopycnal of 26.5 kg m Ϫ3 (6, 9) . The time for transport from the subtropics to the tropics is long enough (10 to 20 years) (11) that, when coupled with lower gas exchange in the tropics because of lower wind velocities, the peak of bomb-produced radiocarbon in the tropics is delayed relative to the peak in the subtropics (5, 6) . The maximum ⌬
14
C values that are reached in the eastern tropical Pacific are lower than those in the subtropical regions because of dilution by the entrained component. Upwelling in July through September, when the thermocline is shallow, brings water from the undercurrent to the surface, lowering ⌬ 14 C values. In January through March, when the thermocline is deeper, surface ⌬ 14 C values increase slightly because of air-sea exchange and lateral advection of off-equatorial high ⌬ 14 C water. The amplitude of the seasonal cycle around the Galápagos Islands increased from 1960 through 1976 because the surface water surrounding the upwelling region responded more quickly to the invasion of bomb-produced 14 C than did water in the undercurrent.
Interannual variability in the coral record is dominated by ENSO. During warm events, the depth of the thermocline increases in the east, so that Ekman pumping no longer brings water from the undercurrent to the surface. This creates high ⌬ 14 C anomalies in the coral time series (1965-1966, 1969 -1970, and 1972-1973) , which are most pronounced from July through September. The increase of over 100 per mil within a few months in 1976 is unusually large in relation to the magnitude of the warm event. The ⌬ 14 C values during upwelling seasons remained anomalously high after this rapid rise. A linear trend through the minimum seasonal ⌬ 14 C values showed a 20 per mil offset in 1976, with no equivalent offset in maximum values (Fig. 1) . There was no abrupt change in wind velocities in 1976 that could cause a sudden reduction in upwelling intensity, although it is difficult to interpret wind data because the observed and reconstructed wind fields show differing trends since 1960 (12) .
The abrupt increase in minimum ⌬ 14 C values occurred when SSTs shifted in the eastern tropical Pacific and the frequency and intensity of ENSO warm phases increased. The shift in average temperature (Fig. 2) -1956 , and through 1975, minimum temperatures were close to 23.5°C and were never as low as 22.5°C, although this break may be an instrumental artifact (13) . Minimum SSTs shifted again in 1976 to a minimum value of 24.5°C (ENSO warm events excluded); only 1989 had temperatures that were lower than 23.5°C (14) . Maximum temperatures (January to March) increased slightly after 1976 as a result of more frequent ENSO warm phases, with no change occurring in nonEl Niño years (14) .
The restriction of the shift in ⌬ 14 C values and SSTs to the season of the most intense upwelling implies that a persistent shift in temperature and ⌬ 14 C of the subsurface waters in the eastern tropical Pacific occurred in 1976. The ⌬ 14 C data require that the source of the upwelling contained a greater proportion of water with bomb-produced radiocarbon after 1976, presumably from subduction in the subtropics. The simplest way to satisfy the SST and ⌬ 14 C constraints is to alter the vertical density structure along the equator so that the contribution of deeper, colder, lower ⌬ 14 C water to the upwelling region is reduced. A deepened thermocline in the eastern tropics after 1976, superimposed on variations in thermocline depth over seasonal and interannual time scales, is supported by subsurface temperature data (2), although the availability of such data before 1976, particularly data from the Southern Hemisphere, is not sufficient to identify more detailed patterns. A deepened thermocline is consistent with overall weaker zonal winds, although the reliability of the wind data, particularly for any long-term trends, is controversial (12) .
A fundamental question is whether the change in the thermocline depth in 1976 is a contributing cause to the change in the frequency and intensity of El Niño or is merely an effect of the stronger warm events and reduced trade winds. A related question is whether the change predominantly represents a shift in winds affecting the tilt of the thermocline along the equator or a shift in ocean circulation affecting thermocline depth in the east without compensation in the west. Although numerous modeling studies have described the coupling of thermocline depth, wind stress, and El Niño dynamics (15) , the persistence of warmer SSTs during upwelling seasons since 1976, even during cold phase (La Niña) conditions, suggests that a change in the ocean, independent from wind forcing, might be involved. One such change, suggested by Zhang et al. (2) , involves subduction in the North Pacific of a warm temperature anomaly from the late 1960s and early 1970s. However, Zhang et al. note that a cold anomaly in the North Pacific after 1980 should have restored cooler conditions to the eastern tropics, rather than sustaining the warm conditions that have persisted. Furthermore, temperature and salinity data suggest that the South Pacific is the dominant source of water in the undercurrent (9) and therefore that the impact of an anomaly in the North Pacific should be minor. The shift at the equator occurred only 8 years after the maximum warm anomaly in the North Pacific, which is a shorter time period than most estimates for the transport time of water between the subtropics and the equator (11) . A warm anomaly in the North Pacific cannot explain the ⌬ An alternative hypothesis is that the source of the equatorial undercurrent changed and southern water became even more dominant after 1976. This would be expressed as a shift in both temperature and salinity, because South Pacific water from the thermocline is warmer and saltier than North Pacific water along a given isopycnal surface (9) . Partial support for this hypothesis is given by limited hydrographic data (16) showing that the temperature shift in the eastern equatorial Pacific was accompanied by a slight increase in salinity. However, a shift in sources of the undercurrent cannot explain the rise in ⌬ 14 C values, because Southern Hemisphere water, in general, has lower ⌬ 14 C on a given isopycnal surface relative to Northern Hemisphere water (6, 10) .
Future research should explain why the shifts in temperature and ⌬ 14 C appear as step functions rather than as gradual changes. Earlier step-like transitions are also seen in the SST record (for example, in [1955] [1956] ), but it is not clear if these values are authentic or are an artifact of changes in measurement technique or of scarcity of observations (13) . Although nonlinear systems exhibit such behavior, there is no existing theory that explains why the processes affecting the vertical structure of the tropical pycnocline should respond in a step-like fashion. Before continuous subsurface monitoring of temperature and salinity in the 1980s, hydrographic data were too sparse to explore this question in detail. It may be possible to obtain data from carbonate-secreting organisms that grow at thermocline depths (for example, sclerosponges and ahermatypic corals) to provide additional constraints on what happened in the ocean in 1976. Additional radiocarbon data on Galápa-gos corals from times in the past 100 years when the frequency of El Niño is known to have waxed and waned could be used to determine whether similar shifts in thermocline structure occurred at these intervals and whether the "1976 climate shift" was truly unusual. westward side of Urvina Bay faces the open ocean and is therefore a representative location for documenting the regional upwelling signal. The coral was sampled along the major growth axis at 2-mm increments with a low-speed drill. Splits (ϳ1 mg) were reacted in vacuum in a modified autocarbonate device at 90°C, and the purified CO 2 was analyzed on a gas-source stable isotope ratio mass spectrometer to obtain oxygen and carbon isotopic data. The remaining sample splits (7 mg) were placed in individual reaction chambers, evacuated, heated, and acidified with orthophosphoric acid. The evolved CO 2 was purified, trapped, and converted to graphite in the presence of a cobalt catalyst in individual reactors (17) . Graphite targets were measured at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory (18) . Radiocarbon results are reported as ⌬ 14 C (units are per mil) as defined by Stuiver and Polach (19) and include the ␦ 13 C correction using the stable isotope results. The external The solidus of a pyrolite-like composition, approximating that of the lower mantle, was measured up to 59 gigapascals by using CO 2 laser heating in a diamond anvil cell. The solidus temperatures are at least 700 kelvin below the melting temperatures of magnesiowüstite, which in the deep mantle has the lowest melting temperatures of the three major components-magnesiowüs-tite, Mg-Si-perovskite, and Ca-Si-perovskite. The solidus in the deep mantle is more than 1500 kelvin above the average present-day geotherm, but at the core-mantle boundary it is near the core temperature. Thus, partial melting of the mantle is possible at the core-mantle boundary.
The solidus of a multicomponent system relevant to that of the lower mantle plays a fundamental role for modeling the early evolution of the Earth and for understanding seismic anomalies in the DЉ-layer at the core-mantle boundary (CMB). Both temperature and composition of a partial melt at the solidus cannot be accurately predicted even if the melting temperatures of the end members are known. For example, it is difficult to reconcile recent findings from seismic data which suggest partial melting in the lowermost part of the mantle (1), with measurements in laser-heated diamond cells which have shown that the melting temperature of (Mg,Fe)SiO 3 -perovskite, previously thought to be near the eutectic (2), increases rapidly with pressure (3, 4) . The melting curve of magnesiowüstite, (Mg,Fe)O, the second most abundant lower mantle mineral, however, has a much smaller slope (5), and this difference in the melting behavior of the end-member components complicates the predictions of the eutectic temperature and eutectic composition in the lower mantle.
Only a few melting experiments have been done on compositions that may approximate those of the lower mantle, and these were not conducted at pressures above 25 GPa (6, 7) . The melting temperature of olivine has been estimated at 4300 Ϯ 270 K at about 130 GPa from a shock-wave experiment (8) . This result provides a constraint on the binary eutectic temperature between magnesiowüstite and (Mg,Fe)SiO 3 -perovskite. Here we describe results from measurements of the solidus temperature for a multiphase mantle-like composition over a pressure range equivalent to depths of 600 to 1500 km in the Earth (the CMB is at about 3000 km).
We used a glass approximating the composition of pyrolite (9) as starting material (10) . A thin section of this glass sample with typical dimensions of 70 by 70 by Ͻ15 m and a surface roughness of Ͻ150 nm was embedded in a diamond cell in argon, which provided inert, thermally insulating, and hydrostatic conditions. We used the CO 2 -laser heating technique described elsewhere (11) . Pressures were measured at room temperature from ruby chips located near the edge of the sample chamber. After heating, the pressure distribution throughout the pressure chamber was nearly uniform (12) . Because of the small ratio between the volumes of the sample and pressure medium, the thermal pressure was negligible (11) .
The quenched samples were examined by Raman spectroscopy while still at high pressure to check whether the glass had transformed to a high-pressure phase assemblage. In experiments at pressures less than 22 GPa, the spectra resembled those of ␤ or ␥-Mg 2 SiO 4 plus MgSiO 3 -majorite, the major phases of the transition zone. The Raman spectra of these highpressure phases are unaffected by their Fe or Al contents (13) . Of the three major lower mantle phases that would be expected to form in our A. Zerr and R. Boehler, Max-Planck-Institut für Chemie, Postfach 3060, 55020 Mainz, Germany. A. Diegeler, Institut für Mineralogie und Geochemie der Universität zu Köln, 50674 Köln, Germany.
